Covering the slurry pit has been shown to be one of the best ways to reduce ammonia emissions (NH 3 ) during manure management. Yet, few studies have been conducted at farm scale. We studied the feasibility of three cover materials (peat, polystyrene balls and synthetic sheet roof) to reduce ammonia (NH 3 ) emissions during on-farm storage of pig slurry. The impact on greenhouse gas emissions, methane (CH 4 ), nitrous oxide (N 2 O) and carbon dioxide (CO 2 ) of covering the slurry pit was also evaluated. Simultaneous field experiments were carried out using two similar pits at a farm with peat and polystyrene ball covers, which allowed direct comparison of the feasibility of the two covers to reduce gas emissions (measured using the dynamic chamber technique). Emissions from the third option (using a synthetic sheet roof) were estimated by measuring the concentrations in the headspace under the cover and the air leakage from the cover with a tracer gas (CO 2 ). Results showed that the polystyrene balls cover reduced emissions of NH 3 during storage by up to 80% whatever the season, but increased potential greenhouse gas emissions by 20% in summer. No consistent reduction was achieved with the peat cover even though some individual results seemed to indicate up to 25% reduction in ammonia emissions; moreover, there was a 30% increase in CH 4 and CO 2 emissions during the storage period. The use of a synthetic sheet roof enabled up to 90% reduction in NH 3 , CH 4 and CO 2 emissions whatever the season.
Introduction
Manure management in livestock farming has environmental impacts including air pollution (acidification and aerosols) by ammonia (NH 3 ) emissions, and an impact on global warming by nitrous oxide (N 2 O) and methane (CH 4 ) emissions [1] [2] .
France is the leading country in the European Union in beef cattle rearing (around 20 million animals) and poultry (300 million), and the third country for pig production (15 million). The resulting solid and liquid manure is mainly collected and stored before being applied to agricultural land. French agriculture accounts for 97% of national NH 3 emissions (679 kt in 2012) of which 76% comes from the livestock sector [3] . CH 4 and N 2 O from livestock represent around 80% of national emissions (2402 kt of CH 4 and 184 kt of N 2 O in 2012). NH 3 emission from manure storage has been estimated to range from 9% to 19% of total NH 3 emissions from pig and cattle farming, respectively [4] . Greenhouse gases (CH 4 , N 2 O) emitted during manure storage range from 25% to 54% of total ammonia emission from pig and cattle farming, respectively [4] .
The French government signed several commitments under international conventions (Geneva Convention UNECE/LRTA, Convention on Climate Change UNFCCC) in addition to conforming to European directives (directive 2001/81/EC on National Emission Ceilings and directive 96/61/EC concerning Industrial Emission Directive)aimed at stabilising or reducing national gas emissions,.
Some techniques already exist to reduce NH 3 emitted from animal housing and during manure storage and spreading [5] [6] . When slurry is stored outside the building, one of the NH 3 reduction techniques is covering the slurry. Different covers have been investigated at pilot-scale, rigid covers, flexible covers, floating covers (peat, straw, oil, plastic film, etc.) and naturally formed crusts [7] - [9] . These covers reduce NH 3 emission by reducing the permeability and resistance of the surface to ammonia transfer, or by reducing the size of the emitting surface [10] [11] . A review by Vander Zaag et al. [12] reported a reduction between 50% and 100% of NH 3 emissions depending on the type of cover. The impact of the cover on GHG emissions is less well documented, and for CH 4 emissions, the results obtained using natural floating covers are conflicting. They are reported to have reduced CH 4 emission from slurry [13] - [15] mainly by oxidation of CH 4 to CO 2 [16] , whereas other studies using a straw or clay cover reported an increase in CH 4 [17] - [19] or no effect [9] [20] . An increase in N 2 O with the use of a natural cover (leca, straw) on slurry has been reported [15] [20] [21] . Although covering is one the main techniques listed in the UNECE guidelines on reducing ammonia emissions [5] , little information is available on the effectiveness and feasibility of covers for NH 3 reduction under farm operating constraints. Indeed, farm-scale studies are limited because such experiments are labour intensive [8] [22] [23] . In this context, the aim of this study was to conduct a farm-scale evaluation of the feasibility of three covers: (i) a floating peat cover (ii) a raft of polystyrene balls and (iii) a synthetic sheet roof. Our main objective was to assess the reduction in NH 3 emissions during the storage of pig slurry. The effect of the covers on the emission of greenhouse gases (CH 4 , N 2 O, CO 2 ) during pig slurry storage was also examined.
Material and Methods
Emissions of NH 3 and greenhouse gas (CH 4 , N 2 O, CO 2 ) from covered pig slurry were measured at two different pig farms located in Brittany (France).The peat and the polystyrene ball cover experiments were carried out on Farm 1 (F1), and the synthetic sheet roof experiment on Farm 2 (F2). Table 1 summarizes the three experiments carried out with the three covers: experiment 1 (E1) with the peat cover, experiment 2 (E2) with the polystyrene balls cover, and experiment 3 (E3) with the synthetic sheet roof.
Assessment of Peat and Polystyrene Ball Covers at Farm F1
The experiments were carried out at a farrowing-fattening farm (F1) with 200 sows. This farm has two rectangular below-ground concrete pits (19.5 m × 12 m, 3.0 m deep). The experiment with the peat cover was carried out over a 7-week period in summer 2004. No experiment was conducted in winter as the slurry pits were empty for management reason. The experiment with the polystyrene ball cover was carried out over two 7-week periods, one in autumn 2005 (Period 1) and one in summer 2006 (Period 2).
At the beginning of each experiment, pit 1 and pit 2 were filled with similar slurry. Pit 1 was fitted with a cover (peat cover in experiment E1 and a layer of polystyrene balls in experiment E2) and the second pit (pit 2) was left uncovered as control. After the beginning of experiment, the two pits were frequently refilled with 
Description of the Covers
The peat cover tested in this study was made from an acidic hydrophilic Baltic peat (pH 4) (according to the commercial data supplied). A minimum peat thickness of 5 cm was chosen based on the results of [24] , who showed that the thickness of the peat influenced the reduction in ammonia emissions. A minimum thickness of 5 cm implied a 12 m 3 volume of peat which was placed on top of the slurry using a straw chopper/blower (Figure 1 4 , CO 2 and N 2 O from the covered pit and from the uncovered control pit were determined simultaneously using two dynamic floating chambers [25] , one placed on the covered slurry and one placed on the uncovered slurry (control). The device consisted of a floating rectangular polyvinyl chloride (PVC) open bottom chamber placed on the surface of the liquid. In experiment E1 with the peat cover, the surface surrounded by the dynamic chamber was 0.12 m 2 . In experiment E2 with the polystyrene ball cover, an area of 0.48 m² was chosen to surround at least 12 balls. Even if spatial and temporal variability of gaseous emissions was observed and confirmed that reported by other authors [26] [27], we assumed that this variability had the same impact in both pits. The dynamic chambers were left in the same place on the surface of the slurry in both pits throughout the measuring period. However, the chambers were moved slightly at frequent intervals to avoid the formation of a natural crust below the chamber, especially in the pit containing the control slurry.
During the measurement period, gas emitted by the covered slurry and the control slurry surrounding the dynamic chambers was removed from the chambers by pumping in clean air with an appropriate set of pumps, flow meters, volumetric air metres, and Teflon sampling tubes. The air flow through the dynamic chamber was set at 30 L•min . Inlet and outlet air passed through two air sampling lines to a mobile laboratory where the air was analysed using an appropriate technique. The concentrations of gaseous emissions were measured continuously throughout the experiment.
The concentration of ammonia was measured either using the acid trap method or by infrared absorption spectrometry using a gas analyser (Innova 1312, Air Tech Instruments). The acid trap method consists in continuously passing the sampled air through acid traps (0.5N sulphuric acid) at an airflow of 5 L•min −1 [10] [28] followed by alkaline distillation and titration of the final acid ammonia solution. For NH 3 measurement by infrared absorption spectrometry, the detection limit of the Innova 2012 was 0.2 ppm for NH 3 , 0.4 ppm for CH 4 , 2.5 ppm for CO 2 and 0.03 ppm for N 2 O. CH 4 and CO 2 concentrations were determined by infrared detection (URAS 10, 14 and Innova 1312). N 2 O concentrations were determined during monitoring with an Innova 1312. Laboratory comparisons (results not reported in this paper) showed (i) that whether determined by acid trap or by infrared detection (Innova 1312), the concentration of ammonia and (ii) the concentration of methane measured by infrared (URAS 10, 14 and Innova 1312) were in the same order of magnitude whatever the method used.
Assessment of the Efficiency of the Covers
The efficiency of the peat cover and the polystyrene ball cover in reducing emissions of NH 3 and of the three , respectively.
Assessment of a Synthetic Sheet Roof at Farm 2
The experiments with the synthetic sheet roof were carried out at a second pig farm (F2) with 133 sows in winter and summer 2006.
Slurry Storage and Manure Management
The farmer used to store the slurry from the different pig housings in a 1000 m 3 concrete circular pit (surface area 166 m 2 ). This pit was covered by a synthetic sheet roof suspended 1 m above the pit by a central mast. This configuration resulted in a cone-shape headspace with an estimated volume of 55.3 m 3 .
As the pit was not hermetically sealed by the synthetic sheet roof, gaseous emissions were determined by measuring the concentrations in the headspace under the cover and the air leakage with a tracer gas (CO 2 ) as described in previous studies [29] - [31] . Air leakage from the covered pit expressed in cubic meters per day (m 3 •d 4 or CO 2 NH 3 , CH 4 , CO 2 and N 2 O concentrations in the pit headspace were monitored by continuously sampling air at the perimeter of the pit where, according to [33] , air leakage was assumed to occur. However, gaseous emissions were also measured intermittently using an enclosed chamber sealed onto the cover itself to check air leakage did not occur through the cover. In winter, CH 4 , CO 2 and NO 2 concentrations were measured on site by infrared detection (Uras 10, 14) and the concentration of NH 3 was determined by trapping the drawn up air in acid solution (H 2 SO 4 , 0.5 N). In summer, concentrations of the gases were measured by infrared absorption spectrometry (Innova 1312).
Results
The characteristics of the pig slurry are listed in Table 2 and are given as information but were not used to calculate NH 3 emissions in relation to the N mass balance. Mean gaseous emissions in the experiments with the peat cover, the polystyrene ball cover and the synthetic sheet roof are summarized in Table 3 . Daily mean emissions of NH 3 , CH 4 , respectively, varied over time as indicated by the standard deviation, given in brackets ( Table 2) . In all the experiments, nitrous oxide emissions were below the detection limit of the dynamic chamber (0.03 ppm). 
Assessment of the Peat Cover (Experiment E1 at Farm 1)
Due to lack of space between the storage pits and the housings, the peat could only be spread over the slurry surface from a single point resulting in a variation in thickness estimated at between 5 and 15 cm (visual observation). Depending on the climate conditions (not monitored) the peat cover varied in moisture content over the period of experiment (Figure 1) . At the start of the experiment, the peat was dry but was moistened through contact with the slurry. Over time, the peat resembled a crust with irregular cracks. •d −1 (with 56.4% as CH 4 ) from the peat covered pit. Based on these mean emission factors, the peat cover reduced ammonia emissions by 24.4% but increased carbon emissions by 32%. However, the difference in ammonia and carbon emissions over the measurement period was not statistically significant (Wilcoxon rank sum test). The effect of the peat cover on ammonia and carbon emission was irregular. Sometimes the covered slurry emitted more ammonia or less carbon than the uncovered slurry. These results are probably linked with changes in the peat cover due to climatic conditions.
Assessment of the Polystyrene Ball Cover (Experiment E2 at Farm 1)
The balls were thrown into the pit 1 by hand by four people at the same time as the slurry was being mixed with a brewer. Mixing created a circular movement which dispersed the balls towards the surface of the slurry. The process lasted 30 minutes. At the end, the balls covered the whole surface of the stored slurry (Figure 2) . In exposed areas of the slurry pit, high winds blew the polystyrene balls away just after the start of the autumn experiment (Figure 2) . A second layer of balls was applied in these exposed areas to protect them. This succeeded because no uncovered area was observed in summer. Many of the polystyrene balls were damaged when the farmer stirred the slurry before applying it to the fields, but the damage did not affect the surface cover by the balls. Like in the experiment with the peat cover, ammonia and carbon emissions varied over the measurement period and also between seasons. Mean ammonia emissions from the covered slurry over the measurement periods were 0.1 and 1. ), measured in autumn in the control slurry, corresponded to the development of a crust over the slurry, which reduced ammonia emissions. When the crust was broken when the slurry was stirred, ammonia emissions increased again until a new crust formed. Based on these results, a cover made of polystyrene balls could reduce ammonia emissions during storage by up to 80% whatever the season.
The cover made of balls did not significantly affect carbon emissions in autumn when the control slurry emitted 101 g[C] m , respectively. The ball cover reduced overall carbon emission by 24%. However, the cover also modified the CH 4 /CO 2 ratio of the biogas produced by the slurry. The covered slurry emitted more CH 4 while the control slurry emitted more CO 2 . In this way, if we consider the GWP of CH 4 (CH 4 : 21 eq-CO 2 ), the polystyrene ball cover increased the global warming potential (GWP) of the slurry by 23%.
Assessment of the Synthetic Sheet Roof (Experiment E3 at Farm 2)
No gas emissions through the synthetic sheet roof were measured by the enclosed chamber sealed on the cover. This result confirmed that gas emissions only occurred at the perimeter of the roof by air leakage. The tracer gas technique by CO 2 injection and the monitoring of the CO 2 decrease in the headspace under the cover gave a value for the rate of air leakage: with no wind, the air leakage rate was 66. 
Discussion
In all the experiments, ammonia emissions varied over the storage period. Many studies have shown that ammonia emissions are affected by both weather conditions and by the characteristics of the slurry [34] . When monitored, nitrous oxide emissions were under the detection limit of the gas analyser. This result was expected because, when slurry is stored in anaerobic conditions, the level of partial oxidation of ammonia is very low or nearly zero [35] [36] . . Whatever the experiment, the highest emissions were measured in summer because both ammonia volatilisation and organic matter decomposition are increased by higher temperatures. However, comparing our results with those of other studies is not easy as different techniques are often used to measure gas emissions from stored slurry. As noted by [27] a wide range of emissions can be found in the literature depending on the measuring technique used.
The reduction of ammonia by peat (24%) observed at the farm scale in our study is rather low compared with the results obtained by [10] , who reported a 100% reduction in ammonia emissions in a laboratory experiment with a peat cover. This difference in results could be due to the damage caused to the peat cover during the farm experiment compared to no damage in the laboratory experiment. Moreover, as pointed out by [37] , laboratory studies are usually conducted with limited volumes and depths of slurry, which may cause differences in the gas generation and emission processes. In our study the higher carbon emissions from the peat cover on some occasions could be the result of the reactive organic matter content of peat which can decompose when wet. •d −1 with a cover made of polystyrene balls is in the same order of magnitude as the value reported by [38] with other covers (natural crust, straw, leca, etc.).
Emissions from slurry covered with a synthetic sheet roof were low compared to those reported in previous studies, even when the incertitude due to the gas tracer technique is taken into account. Our results are close to those obtained by [31] who reported ammonia emissions from covered cattle slurry ranging from 18 to 335 mg[NH 3 -N] m −2
•d −1 in winter. [22] reported a reduction of nearly 100% in ammonia emissions when the slurry was covered with a synthetic sheet roof.
The reduction in ammonia emissions obtained by covering the slurry during storage mainly occurs by affecting the NH 3 transfer from the slurry surface to the atmosphere and/or by reducing the emitting area [11] [38] [39] . Moreover, the peat cover has the additional property of adsorbing and/or absorbing ammonia, which could affect the ammonia emissions measured [10] [40] .
The impact of the physical barrier on carbon emissions varied with the nature of the cover. Peat covers reduced or increased carbon emission depending on whether it was wet or dry, probably due to decomposition of its carbon content, like oxidation of CH 4 in the peat crust [16] . A cover made of polystyrene balls appears to modify the biogas emitted by covered slurry by increasing the percentage of methane. The low carbon emissions obtained with a synthetic sheet roof are in agreement with results obtained in other studies [31] [41] and could be due to the inhibition of the methanogenic processes by the free ammonia content of slurry which is retained in the slurry due to the cover.
Because the use of peat covers will require screening before injection spreading and as no statistical effect on our experimental data was observed, peat covers can be considered as an unsatisfactory way of reducing ammonia emissions. However, a layer of balls or a synthetic sheet roof can be considered as effective in reducing ammonia emissions. To be effective over a long period, the raft of polystyrene balls need to shaped optimally to avoid dispersal by the wind or destruction when the slurry is stirred. Its elimination or reuse also needs to be taken into account, although the problem of elimination could be overcome by using a cover made of biodegradable matter.
Our results are an indication of the effectiveness of covers in reducing ammonia emission at farm scale. Undeniably, the techniques used to measure gas emissions (dynamic chamber and gas tracer) are all subject to discussion. The dynamic chamber disturbed environmental conditions (wind speed, rainfall, temperature, etc.) and gas emissions by covering a part of the surface of the slurry. Nevertheless, the use of this technique to compare different storage or slurry treatments is considered acceptable. Measuring air leakage from the pit covered by the synthetic sheet roof using tracer gas may also be subject to error.
Conclusions
Of the three covers tested at the farm scale, the peat cover had no significant effect on ammonia emissions during storage. Indeed, at some periods, ammonia and carbon emissions from peat covered slurry were higher than those from the control slurry due to damage caused to the peat surface. A cover made of polystyrene balls or a synthetic sheet roof reduced ammonia emissions by more than 80% during storage. A cover made of balls could be a very effective way to reduce ammonia emissions during storage but other materials need to be tested to make the procedure more sustainable.
The results of this work underline the need to scale up research from the laboratory to the farm to account for the impact of the dimensions of the pit, wind, solar radiation, rain, etc., on the effectiveness of any technique in reducing ammonia emissions. But at the same time, this study underlines the need to assess different types of covers at both farm and the laboratory scale to understand and enhance the processes involved.
